Although the bimaterial cantilevers are often used as temperature or heat flux sensors based on the beam bending due to the unequal thermal expansion of the two materials, the exact temperature at the tip of the cantilever is usually unknown. Directly measuring the temperature is difficult due to the small geometry of the cantilever structure. To find out the temperature of the cantilever, one should obtain the thermal conductance of the cantilever. However, since the thermal properties of two layers of the cantilever are dependent on their thickness, one cannot rely on theoretical calculation. In this letter, we develop a technique to determine the thermal conductance of the cantilever by measuring the bending of the cantilever in response to the variations of the absorbed power at the tip and the ambient temperature.
A triangular silicon nitride cantilever coated with 70 nm gold film is used in the current experiment. As shown in Fig.  1͑a͒ , a semiconductor laser beam is focused on the tip of the cantilever and reflected onto a position sensing detector ͑PSD͒. The deflection of the reflected laser beam spot on the PSD is used as a measure of the deflection of the cantilever. A part of the laser power is absorbed by the cantilever and thus creates a temperature rise at the end of the cantilever. The output of the PSD is converted into an X or Y signal corresponding to the position of the laser spot on the PSD and a sum signal proportional to the incident laser power.
The triangular shaped cantilever is simply modeled as a rectangular beam for the sake of simplicity. 2 Using the beam theory, the deflection of the bimaterial strip with different thermal expansion coefficients can be solved from the following differential equation:
where Z͑x͒ is the vertical deflection at a location x, ␥ is the thermal expansion coefficient, K is a constant defined by the thickness ratio and the Young's modulus of the layers, t is the thickness of the layers ͑t 1 = 450 nm and t 2 =70 nm͒, T͑x͒ is the temperature distribution along the cantilever, and T 0 is the reference temperature at zero deflection. The subscripts 1 and 2 refer to the two layers: "2" for Au and "1" for Si 3 N 4 . Obviously, the temperature distribution of ͓T͑x͒ − T 0 ͔ must be determined to solve the deflection Z͑x͒ from Eq. ͑1͒. First, let us consider the deflection of the cantilever in vacuum when the absorbed power by the cantilever is changed. As shown in Fig. 1͑b͒ , the temperature profile in steady state is
where l is the effective length of the cantilever ͑l Ϸ 200 m͒, G is the effective thermal conductance of the cantilever, and P is the absorbed power. Based on the temperature distribution, the slope of the cantilever at the tip, namely, the bending angle at the tip, can be determined using Eq. ͑1͒ to be dZ͑0͒
As the deflection angle of the cantilever is very small, the slope at the tip is approximately equal to half the deviation angle of the reflected beam as dZ͑0͒ / dx = 0.5⌬d / s, where ⌬d is the displacement of the reflected laser spot on the PSD, s is the distance between the cantilever tip and the PSD. 9 Thus, the deviation ⌬d or the slope dZ͑0͒ / dx is what is actually measured. 10, 11 The sensitivity of the cantilever to the absorbed power can be theoretically expressed as S P = ‫⌬͑ץ‬d͒ / ‫ץ‬P =−6slH / G. Since the thermal conductivity of thin films can be significantly lower than their corresponding bulk value, the sensitivity cannot be calculated directly. 12 However, it is possible to estimate the time constant for thermal relaxation to ensure that the time scale for measurements below is long enough to reach a steady state deflection. The time constant of the cantilever was predicted to be approximately 1 ms. 2 In order to determine the heat absorbed by the cantilever, the absorptance of the cantilever to incident radiation needs to be known. A power meter is used to measure the radiant power in the incident beam ͑1.66 mW, 650 nm wavelength͒, the reflected beam ͑1.25 mW͒, and the strayed beam ͑0.20 mW͒, resulting in an absorptance of approximately 0.126, in agreement with published theoretical values of absorptance of similar Au/ Si 3 N 4 cantilevers. 13 It should be noted that the scattered light by the cantilever edges is not included in the measurement and we estimate that it is less than 2% of total reflected light. During the experiments, it is not the incident but the reflected light that is measured. The ratio of the absorbed to the reflected light is 0.168. These numbers can vary depending on the shape of the cantilever and optical arrangements.
The power output of the laser diode module can be modified by varying the operating voltage to the laser. We measured the deflection of the cantilever under the vacuum ͑61 Torr͒ as the power output of the laser was varied. In  Fig. 2 , the PSD sum signal of the reflected light is plotted as a function of the reflected laser power. The linear relationship between them corresponds to a slope of 0.6436 mW V −1 . The absorption of the cantilever can be calculated from the PSD sum signal as 0.168ϫ 0.6436ϫ ͑PSD sum signal͒. Finally, PSD X signal versus the absorbed power is shown in Fig. 3 , which gives the measured sensitivity S P to be −0.0928 V W −1 . The above experiments give the deflection of the laser beam as a function of the input laser power. Next, consider the deflection of the cantilever when the incident power is kept a constant, but the ambient temperature is varied. In Fig.  1͑c͒ , the cantilever is in gaseous environment with a temperature T b . The support of the cantilever is assumed to have the same temperature T b . In this case, the cantilever still has a nonuniform temperature distribution due to incident probing laser beam at the tip, although this nonuniformity can be kept small by using a small laser power. We will show, however, that the existence of such a nonuniform temperature distribution does not matter. Since the composite layer of the cantilever is very thin compared with its length, it is treated as a "fin" with a natural convention heat transfer coefficient h. As shown in Fig. 1͑c͒ , the temperature profile in this case is
where ␤ is the fin parameter defined as ͱ 2h͑w + t 1 + t 2 ͒ / lG and w is the effective width ͑w Ϸ 62 m͒. The natural convective heat transfer coefficient is predicted to be 500 W m −2 K −1 or even larger because of the small geometry of the cantilever. 14 The corresponding slope at the end of the cantilever is given by
Thus, the sensitivity of the cantilever to the ambient temperature variation is obtained by
The conductance G is found to be G = 0.5S T / S P . To measure the sensitivity to the ambient temperature, we place the experimental setup inside a bell jar and used a hair dryer to increase the air temperature inside. Once the hair dryer is turned off, the experimental setup naturally cools. A K-type thermocouple is attached to the chip that holds the cantilever to measure the ambient temperature change. After an initial rapid temperature change, the temperature recorded by the thermocouple shows a slow exponential decay ͑ഛ1.11ϫ 10 −3 K s −1 ͒. The variation of temperature at the base is slow enough compared to the time constant of the cantilever that the steady state approximation is valid. Figure 4 shows that the PSD X signal varies with the ambient temperature. Clearly, the slope of PSD X-temperature curve gives the sensitivity of the cantilever to the ambient temperature S T , −0.8388 V K −1 . Based on S P and S T , the effective thermal conductance of the cantilever G is determined to be 4.50 W K −1 . Using the dimensions of the cantilever and assuming the thermal conductivities of the Si 3 N 4 ͑Ref. 15͒ and Au ͑Ref. 16͒ films to be 2.5 and 190 W m −1 K −1 , respectively, the theoretical value of conductance is estimated to be around 5.88 W K −1 . We point out that the thermal conductivities of Si 3 N 4 and Au films used here are smaller than their bulk values due to grain-boundary and boundary scatterings. The agreement between measurement and estimation is reasonable as the exact values of the thermal conductivities for both layers are not known accurately. Once the power absorbed by the cantilever is known, the temperature difference between the tip and the ambient can be obtained from Eq. ͑2͒. For example, when the PSD sum signal of the reflected light is 1.80 V, the absorbed power is given by 0.168ϫ 0.6436ϫ 1.80 Ϸ 194.6 W, and the temperature difference is 43.1 K.
In summary, we use simple beam theory and the thermal analysis of a bimaterial cantilever to demonstrate that the effective thermal conductance of the cantilever can be determined by measuring the sensitivities of the cantilever to variations in the absorbed power and the ambient temperature. This method does not rely on the knowledge of the geometric parameters of the cantilever, such as the length or thickness of either layer, which could vary from cantilever to cantilever. Our experimental results on a Si 3 N 4 / Au bilayer cantilever are in agreement with expectations.
